Brain imaging studies have repeatedly demonstrated functional selectivity in entire cortical areas and networks using predetermined stimuli. However, it is not clear to what extent these networks are heterogeneous, i.e., whether the selectivity profiles in subregions within each sensory network show significant dissimilarity. Here, we studied local functional selectivity in the human cortex using naturalistic movie clips shown to 12 patients implanted with intracranial electrocorticography electrodes (590 in total), providing extensive cortical coverage. We examined the similarity of response profiles (40-to 80-Hz gamma-power modulations) across electrodes using a novel data driven approach without assuming any predefined category. Our results show that the functional selectivity of each highly responsive electrode was different from that of all other electrodes across the sensory cortex. Thus most responsive electrodes showed an activation profile that was unique in each patient and was similar to that of only 0.3% (1-2) of all other electrodes across all patients. Functional similarity between electrodes was linked to anatomical proximity. While in most electrodes the source of selectivity was complex, a small subset showed the welldocumented selectivity to faces and actions. Our results indicate that the human sensory cortex is organized as a mosaic of functionally unique subregions in which each site manifests its own special response profile.
Brain imaging studies have repeatedly demonstrated functional selectivity in entire cortical areas and networks using predetermined stimuli. However, it is not clear to what extent these networks are heterogeneous, i.e., whether the selectivity profiles in subregions within each sensory network show significant dissimilarity. Here, we studied local functional selectivity in the human cortex using naturalistic movie clips shown to 12 patients implanted with intracranial electrocorticography electrodes (590 in total), providing extensive cortical coverage. We examined the similarity of response profiles (40-to 80-Hz gamma-power modulations) across electrodes using a novel data driven approach without assuming any predefined category. Our results show that the functional selectivity of each highly responsive electrode was different from that of all other electrodes across the sensory cortex. Thus most responsive electrodes showed an activation profile that was unique in each patient and was similar to that of only 0.3% (1-2) of all other electrodes across all patients. Functional similarity between electrodes was linked to anatomical proximity. While in most electrodes the source of selectivity was complex, a small subset showed the welldocumented selectivity to faces and actions. Our results indicate that the human sensory cortex is organized as a mosaic of functionally unique subregions in which each site manifests its own special response profile. gamma BLP; intracranial; response profiles; movie clips THE ORGANIZATION OF SENSORY cortical neurons into networks manifesting clear functional selectivity is a central feature of the primate sensory cortex. Functional magnetic resonance imaging (fMRI) has been instrumental in finding areas in human cortex that are responsive to preselected stimulus categories, such as objects (Malach et al. 1995) , faces (Haxby et al. 2001; Kanwisher et al. 1997) , places (Epstein and Kanwisher 1998) , and body parts (Downing et al. 2001) . However, it is unclear to what extent the principle of functional specialization can be extended more locally to subregions within the larger cortical networks and areas.
Part of the difficulty may stem from the fact that functional specialization has mostly been described using a small set of predetermined stimulus categories, i.e., through studying the neural responses associated with stimuli from a specific category, such as faces (Kanwisher 2010) . This has severely limited the potential to uncover subdivisions that are defined by more complex principles. For example, it could be the case that different subdivisions within a specific high order visual area are sensitive to different subsets of shapes (e.g., different sets of building exemplars within the place area) or to objects that do not belong neatly in a specific category (e.g., the set of objects with pointy tops that includes both buildings and tools).
Furthermore, functional selectivity was mostly demonstrated in controlled stimulus-response paradigms in which different images are presented discretely. Thus the extent of functional clustering under more realistic conditions such as naturalistic stimuli and movie clips is less clear. Interestingly, despite the complex and uncontrolled nature of such naturalistic stimuli, they proved effective in driving widespread sensory responses (Bartels and Zeki 2004; Golland et al. 2007; Hasson et al. 2004; Mukamel et al. 2011) , including the sustained activation of high-level memory-related responses in human mediotemporal structures (Gelbard-Sagiv et al. 2008) . Such robust stimulation patterns open up the possibility of using movie stimuli to address the issue of functional selectivity and clustering across the human cerebral cortex.
In the present study, we used electrocorticography (ECoG) recordings to examine this issue. These recordings, conducted in epileptic patients for diagnostic purposes, were performed using electrodes placed directly on the cortical surface. We measured the activity of groups of neurons as reflected in the ECoG signals recorded during the presentation of an audiovisual movie segment. Using a data-driven approach that did not assume the existence of any particular category, we found widespread functional selectivity across sensory cortex. Importantly, in each patient the response profiles of most highly responsive sensory electrodes differed from the responses of all other electrodes in that patient.
Our results provide evidence for a mosaic-like organization in human sensory cortex, in which each cortical subregion manifests a response profile that is tuned to a unique subset of sensory stimuli.
METHODS

Data acquisition.
Recordings of electrical activity were obtained from 12 neurosurgical patients with pharmacologically intractable epilepsy, monitored for potential surgical treatment (Table 1) . Electrode location was based solely on clinical criteria. Each patient was implanted with subdural electrodes (Adtech, Racine, WI) that were placed directly on the cortical surface. Each electrode was 2 mm in diameter, with a minimal distance of 4mm (in 1 patient) to 8 mm (in 11 patients) spacing between adjacent electrodes. Electrodes that showed signs of epileptic activity were omitted from all analyses. In total, the data from 590 electrodes were analyzed. Recordings were monopolar and were referenced to an extracranial electrode. The signal was sampled at a rate of 200 or 256 Hz and filtered electronically between 1 and 80 Hz (Grass Technologies, West Warwick, RI). Stimulus-triggered electrical pulses were recorded along with the ECoG to allow precise synchronization of the stimuli with the electrical responses. All sessions were conducted at the patient's quiet bedside while the patient was sitting upright in bed after periods of at least 3 h without any identifiable seizures. Video stimuli were presented at 25 frames/s via a standard laptop screen placed 30 -60 cm from the patients' head and via portable external loudspeakers. Patients provided written informed consent to participate in the experiment. The experiment protocol was approved by the Tel Aviv Sourasky Medical Center Committee for Activities Involving Human Subjects.
Electrode localization. Computed tomography scans following electrode implantation were coregistered to the preoperative MRI using iPlan Stereotaxy software (BrainLAB) to determine electrode positions. The three-dimensional brain image thus mounted with electrode locations was normalized to Talairach coordinates (Talairach and Tournoux 1988) and rendered in BrainVoyager (Brain Innovation, Masstricht, The Netherlands) in two dimensions as a surface mesh, enabling precise localization of the electrodes both with relation to the patient's anatomical MRI scan and in standard coordinate space. For joint presentation of all patients' electrodes and to aid comparison to previous fMRI mapping performed in our laboratory (see below), electrode locations were projected onto a cortical reconstruction of a specific healthy subject, which is routinely used to visualize results in our mapping studies. Localization was determined in a "blind" procedure, with the person performing the anatomical work unaware of the electrodes' properties and vice versa.
Experimental design. Nine minutes of an audiovisual movie clip were presented twice to subjects. The clip was comprised of several scenes from the popular western The Good, the Bad, and the Ugly and contained a variety of different images (e.g., faces, moving people, plants, prairie, and bonfire) and sounds (e.g., speech, musical passages, and loud bangs). Subjects were asked to watch and follow the plot (Fig. 1 ). This stimulus was used in previous studies from our group (Mukamel et al. 2005; Privman et al. 2007) .
Data analysis. Data analysis was performed in MATLAB (The MathWorks, Natick, MA) using EEGLAB (Delorme and Makeig 2004) and custom code. As in our previous studies (Fisch et al. 2009; Privman et al. 2011) , each electrode was de-referenced by subtracting the average signal of all other electrodes that discarded nonneuronal contributions. Then, following manual inspection of the spectral analysis, the signal was bandpassed in the gamma (40 -80 Hz)-frequency range using a linear-phase FIR filter, and the band-limited power (BLP) modulation was extracted by taking the absolute value of the Hilbert transform (Fisch et al. 2009; Tass et al. 1998) . To compare the gamma power during stimulus presentations, 1-s moving average temporal smoothing was applied and Pearson's linear correlation coefficient for every pair of signals was computed separately. The correlation between each electrode's response to the first and second presentation of the movie clip is that electrode's "self correlation," while the vector containing the correlations of each electrode with each of the 589 remaining electrodes is that electrode's "crosscorrelation" vector. Responses were not normalized before computing the correlations.
RESULTS
Functional selectivity of ECoG electrodes. Our data were based on recordings from 590 ECoG electrodes (separate cortical recording sites) in 12 patients (see experimental procedures). The experimental paradigm is illustrated in Fig. 1 Fisch et al. (2009) .ˆPatients who participated in a study by Privman et al. (2011) . 9-min audiovisual movie clip was presented twice to patients, who were asked to follow the plot. As we argued before (Hasson et al. 2010) , an informative measure of such responsiveness for naturalistic stimuli is the reproducibility of responses across stimulus repetitions. Therefore, to find responsive cortical sites we calculated Pearson's linear correlation coefficient for the response of each electrode to the first and second presentation of the movie clip (self correlation). This allowed us to quantify the linear relationship between induced responses conditioned on the stimulus: the higher the correlation coefficient, the more stimulus-bound and functionally selective was the response of the electrode.
Our analysis focused on changes in the power of high frequencies (40-to 80-Hz gamma BLP), which appear to best reflect increases in neuronal population activity , are a good indicator of the activity of neuronal ensembles (Lachaux et al. 2012) , and yielded conspicuous category selectivity in a small subset of electrodes (see below). Figure 2 depicts an example of the LFP signal recorded by the electrodes (top), the gamma-band-pass-filtered signal [local field potential (LFP) gamma, middle] and the modulations in gamma power (gamma BLP, bottom). Figure 2 shows one highly responsive (left) and one poorly responsive (right) electrode during 10 s of the movie clip. In electrodes defined as highly responsive, the gamma-BLP signals in the first and the second movie presentations were highly correlated (up to r ϭ 0.8 between presentations). In certain cases, as in this example, correlations were evident also in low frequencies such as the theta band (4 -8 Hz). These were not further analyzed in this study.
To obtain a quantitative assessment of the responsiveness across the entire electrode population, we pooled together all electrodes from all patients, creating a global "electrode pool," and plotted a histogram showing the distribution of electrodes by their self-correlation values across movie repetitions (Fig. 3) . To estimate spurious correlations in the dataset, we used a randomization procedure and created multiple spurious datasets. First, we cut the movie stimulus into two parts at a random point and switched the order of the two parts. Then, for each electrode, we calculated the correlation between its response to the first presentation of the stimulus (as before) and its response to the second presentation of the stimulus (now mixed). The process was repeated 1,000 times. We found that the number of electrodes with correlation values Ͼ0.1 was significantly higher in the "real" dataset (P Ͻ 0.05). For correlation values above 0.2, the difference was highly significant (P Ͻ 0.01). The results for one spurious dataset ("surrogate dataset"), created by cutting the movie in the middle (0 -4.5 and 4.5-9 min) and switching the order of the two halves, are shown here (Fig. 3, grey) .
High electrodes: highly reproducible responses and sparse distribution. Next, we examined the anatomical distribution of the cortical sites that responded to the movie clip, as reflected by the self-correlation values calculated for different electrodes. For this purpose, we divided the electrodes into three groups according to their correlation value. "High" electrodes were defined as those above the 85th percentile, with linear correlation values above 0.27 (Fig. 3, right) ; "mid" electrodes Fig. 2 . Local field potential (LFP), LFP-gamma, and gamma-BLP signals in high and low electrodes. Top: LFP signal recorded from electrocorticography (ECoG) electrodes during 10 s of the movie clip (for demonstration purposes, the signal here was smoothed with a one-s moving average window). Middle: LFP signal, band-passed filtered in the gamma range (40 -80 Hz). Bottom: band limited power in the gamma range (gamma BLP). Left: signal recorded from a highly responsive (high) electrode. Right: signal recorded from a low electrode, during the same time window. Both electrodes were implanted in the patient P28 (see Table 1 for patient details). Note the remarkable reproducibility of the gamma BLP in the responding electrode to movie repetitions. were defined as those above half that value (Fig. 3, left) ; and the rest (71% of electrodes) were defined as "low" electrodes. The r ϭ 0.27 threshold was Ͼ12 SD above the average value for that threshold obtained in the randomization procedure and slightly above the maximum value (0.262) obtained there. Thus we could safely determine that the self-correlation values of high and mid electrodes were above "noise" values.
The locations of all ECoG recording sites, by groups, are shown in Fig. 4 . The locations of high electrodes largely overlapped sensory auditory and visual areas (Brodmann areas 41 and 42, early auditory cortex; area 22, includes Wernicke's area; areas 17-19, early visual cortex; areas 20 and 37, highorder visual cortex; and area 7, visuomotor functions). Figure  4 illustrates that the small minority of electrodes that showed highly reproducible responses to the movie clip were sparsely distributed and that the majority of electrodes were weakly or nonresponsive.
Unique selectivity in high electrodes. To examine the functional selectivity of high electrodes, we set out to quantify response dissimilarity across different cortical sites. To this end, we employed a data-driven approach that was free of assumptions about the source of the functional selectivity, i.e., it did not rely on predefined, easily recognizable stimulus categories. Figure 5 illustrates the results of this analysis. First, we calculated the cross-correlation values of each high electrode with all other electrodes from all patients. Then, we rank-ordered these cross-correlation values from high to low, creating a monotonically decreasing "uniqueness vector" for each high electrode. These uniqueness vectors were then averaged. Finally, and critically, we compared high electrodes' average self-correlation value, i.e., the average correlation of each electrode with itself (left-most blue point in Fig. 5, inset) , to the cross-correlation values.
Importantly, to ensure an unbiased comparison between self-correlation and cross-correlation values and avoid the effects of random noise, we selected the electrodes for analysis based on their high responsiveness (i.e., self correlation) during one-half of the movie and built the uniqueness vector (i.e., cross correlations) on the basis of data from the other, independent, half of the movie. Accordingly, in Fig. 5 , the decision whether to count an electrode among the 88 high electrodes was based on its self correlation during the first half of the movie (0 -4.5 min), while the comparison of its self correlation with the correlation of all other electrodes was based on its response during the second half of the movie (4.5-9 min). The same analysis was repeated for the opposite halves and yielded similar results.
Studying the top cross-correlation values of highly responsive electrodes (Fig. 5, inset) we found evidence of remarkably unique responses. A comparison of the self-correlation and cross-correlation values of high electrodes revealed significant differences: on average, these electrodes demonstrated a response profile that was different from that of the large majority (over 99%) of electrodes. Specifically, for each high electrode we found the electrode that was best correlated with it (highest cross-correlation value) and created a vector of these 88 crosscorrelation values. To examine whether these other electrodes' responses were different from the responses of high electrodes, we tested whether high electrodes' self-correlation values were higher than the values in the cross-correlation vector. The process was then repeated for the second-highest cross-correlation values and so forth. High electrodes' self-correlation values were significantly higher than the cross-correlation values in almost all cases [one-sided Kolmogorov-Smirnov (K-S) test, P Ͻ 0.05 for 587 out of 589 vectors in 1st half of the clip; P Ͻ 0.05 for 588 vectors in 2nd half of the clip].
Thus the response pattern of cortical sites that were highly responsive to the movie clip was similar, on average, to that in only one to two other sites across our entire dataset (including all patients). In contrast, when we performed the same analysis on the surrogate dataset, we got a markedly different result: 145 sites (Ͼ24%) showed correlation values that were not significantly lower from the average self correlation (K-S test, P Ͼ 0.05), reflecting the fact that self-correlation values of "surrogate-high" electrodes were low (Ͻ0.1) and were due to noise rather than selectivity. This result indicates that the observed high selectivity in high electrodes could not have resulted from a spurious, random process.
Functional similarity is linked to anatomical proximity. Next, we turned to the relationship between response similarity and anatomical location. To investigate the connection between location and function, we projected electrode locations from all patients on a single hemisphere in standard Talairach space (absolute values of ϫ coordinates). This allowed us to approximate cortical distances across individual patients. For each high electrode, we calculated the cross-correlation value and Euclidean distance from every other electrode in the pool obtained from all patients. Our analysis revealed a consistent relationship: the more similar the response profiles of two electrodes were, the closer they were in anatomical space (Fig. 6A) . However, the opposite was not true: a large number of neighboring electrodes showed dissimilar responses. Some of these dissimilar neighboring electrodes were implanted in the same patient (Fig. 6, green) , illustrating that electrode similarity was not simply due to current "leakage" between adjacent electrodes. Here, as before, high electrodes were selected based on one-half of the movie and the cross-correlation analysis performed on the other half. Importantly, an analysis of the surrogate dataset revealed a very different pattern that reflected no relationship between similarity and anatomical distance, Fig. 5 . Correlation tuning of high, responsive electrodes. Eighty-eight electrodes (dotted colored lines) were classified as high based on their response to the 1st half of the movie clip, 0 -4.5 min. Their response to the 2nd half of the clip (4.5-9 min) was correlated with that of all electrodes in the pool, to obtain measure of response similarity that avoids selection bias. Solid red line: cross-correlation values (i.e., the correlation of an electrode's gamma BLP time course with that of every other electrode), averaged across high electrodes. Blue dot: self-correlation values (i.e., the correlation of an electrode's gamma-BLP time course during the first stimulus presentation correlated with the time course during the 2nd presentation), averaged across high electrodes. x-Axis: electrodes in the electrode pool (250 out of 590 shown), rank-ordered by cross-correlation value, such that the highest cross-correlation value calculated for each high electrode is the leftmost dot. y-Axis: "cross-correlation" value. Inset: zoom in on the top 15 (2.5%) cross-correlation values. Unique nature of high electrodes is reflected in that, with the exception of one electrode (green), their average cross-correlation value with all other electrodes was significantly lower from their self-correlation value. Red line, statistically significant difference (Kolmogorov-Smirnov test, P Ͻ 0.05) between crosscorrelation values (solid red dots) and self-correlation values (blue dot). Green, insignificant difference. Error bars: Ϯ1 SE. indicating that these findings are not due to noise correlations (Fig. 6B) .
Category selectivity in a subset of high electrodes. In an attempt to identify the source of the functional selectivity, movie contents were qualitatively related to level of activation for each electrode using the "reverse correlation" method. In this analysis, peaks of neuronal activity were used as pointers to the optimal stimuli in the movie sequence (Hasson et al. 2004) . Indeed, we found a small subset (15%) of high electrodes in which category-selective responses were clearly evident: seven face-selective electrodes, two action‫گ‬movement selective electrodes, and four audioselective electrodes that responded to musical passages and‫گ‬or speech (Table 1 ). Figure 7 depicts two examples of this analysis applied to two high electrodes. Figure 7 , top, depicts an electrode that was remarkably selective to faces: The movie frames associated with the six highest peaks in the signal all contained faces. In contrast, the lowest activity troughs all consisted of nonface stimuli. However, the response profile of the majority of high electrodes appeared to be more complex, possibly reflecting a combination of several categories.
DISCUSSION
Our results provide direct evidence of robust functional selectivity in subregions of the human sensory cortex. First, ECoG recordings from hundreds of separate cortical sites, performed while patients viewed a naturalistic movie clip, revealed sparse responsiveness to the stimulus. Specifically, the distribution of electrode responsiveness, as measured by self correlation between the responses to two presentations of the stimulus, was highly skewed, with a small minority of highly responsive electrodes (Fig. 3) . Highly responsive cortical sites were scattered across sensory cortex (Fig. 4) . We used the linear correlation coefficient between the two presentations to the stimulus to measure responsiveness to the stimulus, such that the higher the correlation coefficient, the more stimulus bound was the response of the electrode. This allowed us to determine the responsiveness of cortical sites without resorting to limited, predefined stimulus categories.
However, it should be emphasized that this responsiveness measure depends on response reproducibility. Therefore, it could very well be that it underestimated the true responsiveness. For example, if a recording site was strictly retinotopic, and the patients executed different patterns of eye movements during the two movie presentations, than reproducibility might have been lost even if the electrode in this recording site was highly responsive to the stimulus. In addition, changes in attention and top-down influence might also have had an adverse effect on reproducibility. Thus our analysis focused on ECoG responses that fulfilled two requirements: sensory activation by the movie and reproducibility across movie presentations.
Estimating neuronal selectivity under noisy signals. The central observation of the present study was that highly responsive electrodes showed unique response profiles, i.e., selfcorrelation values for these electrodes were significantly higher than their correlation with other electrodes (Fig. 5) . Previously, cortical patches with similar selectivity profiles have been clustered together, implicitly suggesting that their selectivity profiles are similar. Our analysis of individual selectivity profiles demonstrates that this is not the case. An important issue concerns the possibility that these significant differences between electrodes may have been due to noise. To see one way in which noise may generate spurious selectivity, consider two electrodes that record the activity of two neuronal populations with similar response profiles, such that the true selfcorrelation value of each of these electrodes is 0.5. However, due to the effects of random noise, one shows a spurious self-correlation value of 0.7, while the other shows a spurious self-correlation value of 0.3. Since in our analysis we preselect the electrodes showing the highest self-correlation values, we will include the 0.7 electrode and ignore the 0.3 electrode. This noise-related bias would be reflected in the self-correlation average and make it spuriously higher.
A straightforward way to avoid such bias is to use two independent data sets, one for selecting the electrodes and one for the actual comparison of the self vs. cross electrode correlations. Here, we generated such independent data sets by splitting the movie into two halves. In our example above, even if noise had spuriously pushed the self-correlation value upwards during the first half of the movie clip to 0.7, there was no reason that this random bias would carry over to the second half of the movie, especially given the relatively long (4.5 min) duration of each half. Critically, in our analysis, we selected the high electrodes for analysis based on data recorded during the two first halves of the movie clip (0 -4.5 min) and calculated the cross-correlations depicted in Fig. 5 based on the two second halves of the clip (4.5-9 min). Thus, even if noise was introducing spuriously higher correlations for the first half of the movie, it would not have had an effect on the correlation values used for comparison. These values were based on correlations during the second half of the movie clip, which could be either increased or decreased by noise.
There are two important consequences to this analysis that merit further note. First, some electrodes that demonstrated high self-correlation values in the first half of the clip did not show that result for the second half of the clip and vice versa. However, as mentioned, electrodes were selected based on one-half and the analysis performed on data from the other half. This bias accounts for the seemingly paradoxical result that the average self-correlation value (Fig. 5, inset, blue) was lower than the highest cross-electrode-correlation value (Fig. 5,  inset, red) . However, performing the same analysis without the constraint on the full movie rather than on its halves confirmed that the effect of the bias was minor, noticeable only in the abovementioned reduction in self-correlation value (Fig. 5 , blue dots; r ϭ 0.35 instead of 0.4). Thus the impact of noise reduced the difference between self and cross correlations. The fact that despite our conservative approach we nevertheless found a consistent and significant difference between self-and cross-electrode correlations attests to the robustness of our results, namely that unique functional selectivity is indeed a significant aspect of cortical organization. While such selfsimilarity may be expected in the case of noise-free systems, a crucial point here is that functional selectivity was so robust as to clearly manifest through noisy cortical signals, recorded during two repetitions of a short movie clip.
The second point of note here is that, strictly speaking, our analysis did not focus on self correlation per se, but on self correlation that was consistent along the movie clip time line. To better understand this point, consider a hypothetical electrode that was selective to a single event, such as the appearance of a specific face, which occurred only in the first half of the movie. This electrode would be expected to show high self-correlation during the first half of the movie but no correlation during the second half (since the specific face to which it was selective did not appear). Note that such "single event" electrodes could not contribute to our result. Only electrodes that showed consistently high correlations during both the first and second halves of the movie could produce the observed selectivity. To conclude this part, our results indicate that responsive electrodes manifested a response profile that was significantly different from that of other electrodes. These results cannot be attributed to the effects of noise.
Unique response properties in human sensory cortex. Given the relatively large size of the electrodes, the ECoG signal likely integrates a heterogeneous mix of functionally selective neurons (see Multiscale clustering). Thus our ECoG measurements place a conservative bound on the functional selectivity of the underlying neuronal groups. Our results show that across the entire electrode pool, including all patients, a small percentage of cortical sites were reproducibly highly responsive to the movie clip. Importantly, using a conservative independent analysis, we were able to set an upper bound (Ͻ0.3%, or 1-2 electrodes) on the number of sites showing similar selectivity across electrodes. Note that in our recordings, electrodes were placed in strips or grids (in which electrodes always have one or two neighbors several millimeters apart) and that some cortical areas were very densely covered across patients. Thus the observed functional uniqueness cannot be explained away by large anatomical distances between electrodes. Taking into account our conservative analysis, which tended to underestimate response selectivity, it seems likely that within an individual patient's brain each electrode had a unique response profile that was significantly different from all other electrodes.
It is important to clarify that what is meant by a unique response profile in this context is that each electrode was tuned to a subset of sensory stimuli that was different from the subset that governed the activity of other electrodes. This does not necessarily mean that this subset constituted a unique category of stimuli, such as faces or tones. The specific nature of responsive electrodes' selectivity profiles remains to be studied (see below). Interestingly, a highly selective nature of cortical sites has been suggested by cortical stimulation studies as well (Ojemann et al. 1989; Ojemann 1979) , indicating a localization of language functions in cortical mosaics ϳ1-2 cm 2 in size. Indeed, our analysis and conclusions pertain to a spatial sampling resolution of 1 cm (see METHODS). Whether finer selectivity exists at even smaller cortical scales remains to be seen.
Our view of the functional organization of sensory cortex can be placed along a continuum between two extremes. On one end is the view of sensory processing as distributed over large networks of neurons and on the other end a highly modular view in which processing is mediated via small, highly specialized neuronal groups. Our study informs both aspects. On the one hand, our data suggest, along the lines of the cortical specialization view, that each cortical site is functionally unique. Indeed, response profiles of high electrodes were demonstrably different from each other, such that the decrease depicted in Fig. 5 is rapid and there are no flat parts in the graph. On the other hand, our data support the network view as it places cortical specialization in an anatomical context, demonstrating that neighboring sites show a more similar functional profile compared with distant sites. As our results show, despite the highly noisy neuronal signals, this functionally heterogeneous mosaic was robust enough to be revealed by two repetitions of a short movie clip. Naturally, such a view does not preclude of such heterogeneous sites tending to work in consistent groups, networks and streams.
Conspicuous selectivity to specific sensory categories. While the response profile of most high electrodes was complex, possibly reflecting their sensitivity to a combination of several basic categories, we nonetheless found several cortical sites in which the gamma-BLP signal responded strongly to specific sensory categories (Table 1 ). Figure 7 depicts two examples of this analysis applied to two high electrodes. Figure 7 , top, depicts an electrode that was remarkably selective to faces: movie frames associated with strong activation contained faces, while movie frames associated with weak activation comprised nonface stimuli. Conspicuous sensory categories included faces (7 electrodes in 5 patients), movement‫گ‬action (2 electrodes in one patient), and music‫گ‬speech (4 electrodes in 3 patients), all compatible with previous reports (Kanwisher 2010; Lachaux et al. 2007 ). These results confirm and extend our previous study, in which we used a similar approach to analyze fMRI BOLD responses in human observers (Hasson et al. 2004 ). The application of this method to ECoG data, which provides much finer temporal resolution, allowed us to follow the linkage between neuronal activity and the stimulus far more precisely.
Multiscale clustering. The high selectivity of ECoG signal profiles bears important consequences to our understanding of the functional organization of human sensory cortex. Each ECoG electrode collects data from ϳ3 mm 2 of cortical surface (Kreiman et al. 2006; Liu and Newsome 2006) . This corresponds to about a million neurons. Even assuming that just a fraction of this massive population is activated, the observed functional selectivity suggests that these neurons are clustered according to functional criteria. As illustrated in Fig. 8 , a highly selective response in such a large neuronal population likely requires that two conditions are met: 1) neurons that contribute to the signal are individually selective and 2) neurons sharing a similar selectivity profile are clustered together in the same anatomical locus. Although a quantitative model or simulation of such population activity is outside the scope of this work, we believe it highly unlikely that such selectivity would emerge by chance. Furthermore, the functional selectivity of the recording sites was not randomly distributed. On the contrary, the response profiles of different electrodes were often positively correlated. Thus, in a manner reminiscent of the clustering of functionally similar neurons, we found macroscale anatomical clustering of functionally similar ECoG electrodes. This is reflected by the tight relationship observed between anatomical proximity and functional similarity across electrode sites (Fig. 6) .
Relationship to other studies. A significant body of previous research showed subsystem selectivity in monkey and cat cortex, beginning with the seminal demonstration of functional columns by Hubel and Wiesel (1962) and Mountcastle (Mountcastle 1957) , through numerous additional demonstrations using various methods such as 2DG and optical imaging (Blasdel and Salama 1986; Bonhoeffer and Grinvald 1991) . Subregional selectivity has received clear anatomical substrate in the patchy nature of intracortical connectivity (e.g., Amir et al. 1993; Fitzpatrick 1996; Gilbert and Wiesel 1989; Malach et al. 1993) . Such columnar or patchy structure has been proposed also beyond V1, in motion-related columns in area V2 (Shmuel and Grinvald 1996) , in area MT (Albright et al. 1984; Malach et al. 1997) , and in shape-related columnar structure was demonstrated in monkey IT (Tanaka 2003) . More recently, a striking case for functional patches been made for the category of faces through combined fMRI and single unit recording (Tsao et al. 2006) . Similarly, LFP recordings in monkey IT have revealed clear indications of functional selectivity (Kreiman et al. 2006) and so have single unit recordings in monkey multisensory association cortex (Dahl et al. 2009 ). These are but a few examples out of a long list.
In human cortex, due to the limited spatial resolution of the fMRI BOLD signal, most evidence for subregional selectivity was provided by indirect approaches such as adaptation (e.g., Malach 2012) and multivariate pattern analysis approaches (Haxby et al. 2001; Haynes and Rees 2006; Kamitani 2011; Kamitani and Tong 2005; Kriegeskorte et al. 2006; Meyer et al. 2010) . ECoG studies have extensively demonstrated response selectivity to categories in sensory areas (Allison et al. 1994; Engell and McCarthy 2011; Fisch et al. 2009; Halgren et al. 1994; Lachaux et al. 2005; Liu et al. 2009; Privman et al. 2007; Puce et al. 1996 Puce et al. , 1999 Vidal et al. 2010 ) and specific responses to certain individual stimuli, such as letters and phonetic categories, have been reported (Chang et al. 2010; Jacobs and Kahana 2009 ). Our present study extends this large body of work by showing complex and unique functional selectivity in ECoG responses across visual and auditory systems during naturalistic, dynamic stimuli, indicating the prevalence of complex response profiles under such conditions.
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